Abstract Soft x-ray magnetic dichroism, magnetization, and magnetotransport measurements demonstrate that the competition between different magnetic interactions (exchange coupling, electronic reconstruction, and long-range interactions) in La0.7Sr0.3FeO3 (LSFO) / La0.7Sr0.3MnO3 (LSMO) perovskite oxide superlattices leads to unexpected functional properties. The antiferromagnetic order parameter in LSFO and ferromagnetic order parameter in LSMO show a dissimilar dependence on sublayer thickness and temperature, illustrating the high degree of tunability in these artificially-layered materials.
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Complex materials with multiple order parameters hold the promise to yield systems with highly-tunable and stimulus-sensitive properties as required for sensing, energy conversion, and information technology applications. However, the competition between multiple order parameters places a great challenge on our ability to predict the resulting physical properties and thus to create complex materials with tailored functional properties.
The opportunity to synthesize these tailored materials motivates the interest in the so-called multiferroics, i.e. materials or composites that simultaneously exhibit ferroelectricity (FE) and ferromagnetism (FM) or antiferromagnetism (AF). [1] Specifically, the class of perovskite oxides (ABO3) has garnered much attention due to the possibility of creating epitaxial superlattices composed of stacks of alternating sublayers, each with their own order parameter, formed with atomic-scale control, and designed to exploit interactions at interfaces. [2] [3] [4] [5] A few remarkable examples have shown the appearance of an additional order parameter (i.e. superconductivity or ferromagnetism) at interfaces despite the fact that it does not exist in the constituent materials. [6] [7] [8] Epitaxial layers interact via strain, electrostatic, and magnetic effects, all of which are highly sensitive to atomic-scale features. For example, the spins within the surface layer of a G-type AF such as La1-xSrxFeO3 are compensated, and exchange interactions are predicted to occur via the spin-flop mechanism [6, 7] . We have recently confirmed this prediction in superlattices consisting of alternating six unit cell thick La0.7Sr0.3MnO3 (LSMO) and La0.7Sr0.3FeO3 (LSFO) layers [8] . In the present study, we show that the AF and FM properties in this superlattice system exhibit dissimilar dependencies on temperature and sublayer thickness and we identify the importance of short-range electronic effects (i.e. charge transfer), in addition to long range (dipole) interactions and magnetic anisotropy. Furthermore, we find that the
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magnetic-field induced reorientation of the AF spin axis via the spin-flop mechanism is possible only in a narrow range of sublayer thickness. These results illustrate the importance of the delicate balance between exchange coupling, electronic reconstruction, and long-range interactions in these interfacial phenomena.
LSMO exhibits colossal magnetoresistance, a high degree of spin polarization, a Curie temperature above room temperature (TC ~ 360 K), [9] as well as coincident FM/paramagnetic and metal/insulator transitions mediated by the Mn 4+ -O 2--M 3+ double exchange mechanism. [10] The replacement of Mn with Fe leads to an AF insulator state in La0.7Sr0.3FeO3
(LSFO) with a Néel temperature, TN ~ 360 K, [11, 12] similar to the TC of LSMO for the same Sr/La ratio. In this work, LSMO and LSFO epitaxial films and superlattices were grown on 
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x-ray reflectivity and high-resolution x-ray diffraction (XRD) using a Bruker D8 Discover fourcircle diffraction system and beamlines 2-1 and 7-2 at the Stanford Synchrotron Radiation Laboratory (SSRL). Satellite peaks and thickness fringes are observed for the superlattices in the l scans of the out-of-plane 002 reflection, attesting to the smooth interfaces and permitting us to accurately confirm the periodicity of the superlattice structures. In thin film form, rhombohedral LSMO can be described using its pseudo-cubic lattice (a = 3.87 Å), so that the film shares the same crystallographic indices as the cubic STO substrate (a = 3.905 Å). Different pseudo-cube-on-cube epitaxial relationships between bulk LSFO and STO are possible; however, the structure of the LSFO films studied here is tetragonal (a = b ≠ c, with c normal to the substrate surface) within experimental resolution. Reciprocal space maps around the 103,
301
, and 331 reflections demonstrate that all superlattices are fully strained to the STO substrate, resulting in the same tetragonal distortion of the LSMO and LSFO layers independent of the sublayer thickness. The full widths at half maximum (FWHM) of the film ω scans for the superlattices (0.024° to 0.028°) and the solid solution (0.039°) were only slightly higher than the typical value of ~0.013° for the substrate, again confirming the high degree of crystallinity.
The macroscopic magnetization was measured using a Quantum Design superconducting quantum interference device (SQUID) magnetometer, with the magnetic field applied in the plane of the film either along the <100> or <110> substrate directions. Its temperature dependence ( Magnetotransport properties as a function of temperature (Fig. 2) were measured using the van der Pauw geometry with Ha = 0 and 5 T applied along the in-plane <100> direction. The resistivity, ρ , of each superlattice is calculated from its resistance using the simplified assumption that the entire stack rather than only the lower-resistivity LSMO layers contribute to the conduction. Mirroring the magnetization data, the superlattices' ( ) [25, 26] show that the direction of MFe differs compared to the bulk and is sensitive to the growth method and the strain state. Therefore, to analyze the change of MFe in our superlattices with sublayer thickness, we reference its orientation to that found in our LSFO films. The AF order in LSFO was probed through Fe L3,2 XMLD spectra obtained in grazing-incidence with Ha = 0 and the x-rays impinging at 30° with
7/17
respect to the sample surface. The x-ray polarization, E, is applied either in-plane (along the [010] substrate direction) or at 60° with respect to the sample surface (referred to as out-of-plane
[001] substrate direction) and thereby providing information on the orientation of MFe with respect to the sample surface.
At 50 K, the Fe XMLD spectra (Fig. 3) for all superlattices are nearly identical whereas the sign of the XMLD is reversed for the solid solution and LSFO films (not shown). To interpret these spectra, we first note that the Fe 3+ ions in LSFO are surrounded by O 2-ions in an octahedral symmetry, similar to that of the Fe 3+ on the B site in the spinel Fe3O4. Therefore, we employ the analysis of XMLD spectra as described in Ref. [27] , which indicates an in-plane alignment of MFe in the superlattices and conversely an out-of-plane canting for the solid solution and LSFO films. These equally-strained solid solution and LSFO films are used as ions. [29, 30] Due to the uniform Sr doping level, the change in the Mn 3+ /Mn 4+ ratio is not expected to be related to A-site chemical doping effects. Alternatively, a charge transfer involving an electron transferring from the LSMO layers to LSFO layers (Mn 3+ → Mn 4+ ) across the interface as proposed by Kumigashira and coworkers [31] might be expected. The ground state of the LSFO system for small Sr doping (x<0.5) is the Fe 3+ -ligand hole state. [29] In accordance, the electrons involved in the charge transfer go to states of primarily oxygen character and no significant difference is observed in the Fe XA spectra for any sample.
Characteristic length scales over which such charge transfer mechanisms occur have been determined in other perovskite systems, such as SrTiO3/LaTiO3 [32] and LaMnO3/SrMnO3 [33] and typically range in the order of a few unit cells, consistent with our observations. The interfacially-induced valence changes effectively push the LSMO system towards the case of higher Sr doping (yielding a FM metal with decreased TC). Therefore, together with the decrease in long-range (dipole) interactions due to finite size effects, this mechanism clearly contribute to the rapid decrease of TC and Ms with decreasing sublayer thickness, i.e. the magnetization and 9/17 12/17 16/17
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